ABSTRACT The fuel consumption and greenhouse gas emissions can be reduced by organizing a group of vehicles into a platoon at a short inter-vehicular distance. Additionally, the eco-driving technology has the potential to further increase fuel efficiency by optimizing the speed trajectories of vehicles. However, little research has been done into the eco-driving of a vehicle platoon. This paper proposes a cooperative look-ahead control strategy for maximizing the fuel efficiency of vehicle platoon travelling on a road with varying slopes. In this paper, the aerodynamic drag, nonlinear engine fuel consumption model, discrete gear ratios, and three engine operating modes are considered in the control strategy; under system constraints, a cooperative optimal fuel consumption problem of vehicle platoon based on distributed model predictive control is formulated; to obtain the optimal solution of the formulated nonlinear optimization problem, after the minimum fuel consumption table and the corresponding optimal control variable tables are obtained, the nonlinear optimization problem with discrete control variables is transformed into a 0-1 binary mixed linear programming problem. Simulation results show that, compared with benchmarks, the proposed control strategy can significantly improve fuel efficiency under different passenger comfort requirements, allowed speed ranges, and predictive control horizons.
I. INTRODUCTION
Tightening fuel economy standards and concerns on environment pollution continue to pressure the automotive industry to improve the fuel economy of road vehicles [1] . Alternative energy sources (e.g., hydrogen fuel cell and ethanol flexible-fuel) and hybrid/electric vehicle technologies have been widely investigated and have shown great potential in energy savings and emission reduction [2] . Since different operations on a vehicle can significantly affect the fuel economy, the so-called eco-driving technology emerges to further improve fuel efficiency [3] . Previous studies reveal that eco-driving exhibits non-trivial potential to improve vehicle operation and the ability to increase energy efficiency [4] .
Eco-driving is a way of driving that consumes less energy by using fuel-saving control strategies while not changing vehicular structure. Extensive research on eco-driving has been performed and various energy-saving control strategies have been proposed, which can be divided into three categories: global optimization control, look-ahead control and instantaneous control. With the purpose of obtaining the optimal solution over a whole horizon by dynamic programming [5] - [7] or Pontryagin's Principle [8] - [10] , the global optimization control is less practical in real traffic situation due to its heavy computational burden and inability to handle the uncertainties in front of vehicles.
As an evolution of the eco-driving technology, look-ahead control, also called predictive control, is widely used in the eco-cruising system. It uses upcoming slope information and predicted traffic information in a finite receding horizon to optimize vehicle speed profile by repeatedly solving an optimal control problem [11] . For example, considering traffic signal and road slope information, Yu et al. proposed an model predictive control (MPC) method to optimize fuel consumption and driving profile [12] , which shows a noticeable improvement in fuel economy compared with driving of a typical human driving model. A novel predictive control scheme for energy management in hybrid trucks is presented in [13] , which can significantly reduce mechanical brakes, and fuel consumption can be obviously decreased when an over or under speed of 5 km/h is permitted. Other predictive control strategies of hybrid electric vehicle can be found in [14] - [17] .
Since conventional vehicles with internal combustion engine and automatic manual transmission (AMT) cannot be completely replaced overnight due to the challenges related to cost, accessibility and availability [18] , apart from hybrid electric vehicles, the look-ahead control strategies are also developed and applied to conventional petroleum-based vehicles. Utilizing information about the road topography ahead, Hellstrom et al. developed an efficient fuel-optimal lookahead control algorithm for a heavy diesel truck [19] . To further consider trip time, the optimal speed trajectory with respect to a criterion formulation that weighs trip time and fuel consumption can be obtained in a predictive control scheme [20] .
To explore the impact of inter-vehicular distances on the overall fuel consumption of a vehicle platoon, a driver-assistive-truck-platooning system was evaluated, analyzed and tested by Humphreys et al. in [21] , [22] and Bishop et al. [23] , where the overall fuel economy of vehicle platoon monotonically improves as inter-vehicular distance diminishes, and the similar result can be seen for the platoon of passenger vehicles in [24] . Since organizing a group of vehicles into a platoon at close inter-vehicular distances can increase the energy efficiency of the platoon by reducing the overall air drag, more and more attention has been paid to look-ahead control of vehicle platoon. For example, Liang et al. [25] studied how two or more scattered heavy-duty vehicles can cooperate to form platoons in a fuel-efficient manner and proposed a coordination algorithm to achieve significant fuel savings. Alam et al. [26] presented a system architecture for a freight transportation system, which includes three-layer architecture, i.e., a transport layer for transport planning and vehicle routing, a platoon layer for the formation of platoons and the computation of fuel optimal velocity trajectories using preview information, and a vehicle layer for the real-time control of vehicles to track the desired velocity profiles while ensuring safety. More look-ahead control strategies of vehicle platoon can be found in [27] and [28] .
Relying on current vehicle state and road information to generate control inputs instead of solving an optimal control problem online, the instantaneous control is a common approach that has been used in real applications [29] with advantages of lowering computing load and suboptimal fuel saving ability compared with the information-richer computationally heavy controllers such as the MPC. More studies can be referred in [3] and [30] .
Since the combination of the eco-driving and platooning technologies can greatly improve the overall fuel efficiency of a group of vehicles and conventional petroleum-based vehicles still undertake most of the transportation work, this paper aims at proposing a cooperative look-ahead control strategy for maximizing the fuel efficiency of a platoon of traditional fuel vehicles. In the existing look-ahead control strategies for a group of conventional vehicles, a coordination algorithm is proposed in [25] to ensure that two or more scattered heavy-duty vehicles can cooperate to form a platoon in a fuel-efficient manner, however, the engine fuel consumption model is oversimplified and the proposed algorithm can only work at the platoon layer of the three-layer architecture for the freight transport system presented in [26] ; Turri et al. [27] did not take the discrete gear ratios into consideration although gear shifts have a significant impact on the fuel economy of vehicle platoon. In addition, only the speed of the leading vehicle instead of every platoon member is optimized in [27] , which may seriously compromise the fuel efficiency of a heterogeneous platoon, and the used dynamic programming method not only results in heavy computational burden, but also cannot handle the traffic uncertainties ahead of the platoon.
To further increase the overall fuel efficiency, the platoon and vehicle layers in [26] can be integrated into a cooperative control layer, where all the platoon members can optimize their respective speed trajectories in a distributed way. This paper aims to develop a cooperative look-ahead control strategy for a group of conventional vehicles travelling on a road with varying slopes, where the speed trajectories of all the vehicles over a predictive control horizon can be optimized by manipulating the engines, transmissions and brake systems in a distributed way. For a platoon member, the central issue of the cooperative look-ahead control strategy is to obtain an optimal controller for a mixed-integer system with a highly nonlinear engine and discrete gear ratios, which leads to a challenging mixed-integer optimization problem [3] , [31] , [32] .
The main work of this paper is as follows: (1) The aerodynamic drag, the highly nonlinear engine fuel consumption model, discrete gear ratios and the three operating modes of engines are considered in the cooperative look-ahead controller; (2) Under system constraints, a cooperative lookahead control strategy for maximizing the fuel efficiency of vehicle platoon travelling on a road with varying slopes is proposed based on distributed model predictive control, where, different from the look-ahead control method in [27] , all platoon members can simultaneously optimize their speed trajectories in a distributed way; (3) To quickly obtain the optimal controller instead of the sub-optimal one, the formulated nonlinear optimization problem with discrete control variables is transformed into a 0-1 binary mixed linear programming problem after the minimum fuel consumption table and the corresponding optimal control variable tables VOLUME 6, 2018 are constructed and calculated off-line; (4) The energy-saving performances of the proposed cooperative look-ahead control strategy under different passenger comfort requirements, allowed speed ranges and predictive control horizons have been deeply explored.
The remainder of this paper is organized as follows: Section II presents the model and system constraints of a vehicle platoon, followed by the formulation of the cooperative optimal fuel consumption problem, and the benchmarks are also provided for comparison in Section III. In section IV, how to quickly solve the formulated optimization problem is detailed. And in the next section, the simulation results are discussed and the last is the conclusion of this paper.
II. MODELING AND SYSTEM CONSTRAINTS
This paper focuses on a vehicle platoon with K + 1 vehicles, which includes a leading vehicle (indexed by 0) and K followers (indexed from 1 to K ). In this paper, the predecessorfollowing communication topology, which means the host vehicle can just receive the information sent by its immediate predecessor, is used for its simplicity. In this section, the discrete vehicle platoon model of conventional vehicles with discrete gear ratios and the system constraints are introduced. Furthermore, the improved engine fuel consumption model that takes the driving, braking and idle modes of vehicle engine into consideration is also given.
A. DISCRETE VEHICLE PLATOON MODEL
Let t be the discrete time interval, similar to [26] and [27] , the discrete vehicle platoon model using Newton's second law can be given as
where s k (n), v k (n) and a k (n) denote the position, velocity and acceleration of vehicle k at the nth time interval, respectively;
) and γ k are the reduction ratio of gear box, the mass, the rotational inertia coefficient related to gear ratio and the 0-1 decision variable, respectively. In addition,
and F k,r (n) indicate the engine traction, the engine braking force, other integrated braking force coming from other devices and integrated resistance force, respectively. The integrated resistance force composed of the rolling resistance, aerodynamic drag and gravitational force can be described as
where g, c k,r and θ are the gravity acceleration, the rolling resistance coefficient and the road slope, respectively; ρ a , S k and c k,d (D k (n)) are the air density, the frontal surface of vehicle k and the aerodynamic drag coefficient related to the spacing D k (n) between vehicle k and its immediate preceding one, respectively. θ (s k (n)) is the road slope at position s k (n). Further, the conventional powertrain is studied here, which means the gear ratio i k,g (n) is not continuous, i.e.,
where k,g = {i k,g0 , i k,g1 , · · · , i k,gL } is the set of discrete gear ratios. It should be noted that i k,g1 and i k,gL are the smallest and largest gear ratios, respectively. In addition, i k,g0 denotes the neutral gear ratio. When the engine works in the driving mode, according to [33] , the relation between engine rotation speed ω k,e (n) and vehicle speed v k (n) can be given as
where R k,w and i k,d are the effective rolling radius of wheels and the reduction ratio of differential, respectively. Let T k,e (n) and η k,T be the engine driving torque and the efficiency of AMT, respectively, we then have
Combing Eq. (4) and Eq. (5), the engine traction F k,e (n) can be calculated through
According to [33] , the maximum torque T k,m is a function of engine rotation speed ω k,e (n), which can be obtained from the brake specific fuel consumption (BSFC) map as (7) where b 1 , b 2 and b 3 are the regression parameters shown in TABLE 1.
v k (n), the maximum torque T k,m is also a function of vehicle speed v k (n) and gear ratio i k,g (n), which can be described as
The upper limit of engine traction F k,e (n) can be calculated by
Therefore, the engine traction F k,e (n) can be limited as
When the engine works in the braking mode, according to [34] , the engine braking force F k,eb (n) comes from the mechanical frictions and the pump resistances in the cylinders, which can be given as
In the above Eq. (11), T k,er denoting the engine resistance torque can be calculated through
where the coefficients α 0 , α 1 and α 2 are 16, -19.5 and 84.5, respectively. Combining Eq. (4) and Eq. (12), the engine braking force F k,eb (n) in Eq. (11) can be reorganized as
where
Furthermore, according to [3] , the upper bound of other integrated braking force can be modeled as a constant rather than a variable related to vehicle states, which can be described as
B. SYSTEM CONSTRAINTS Considering traffic efficiency, vehicle safety and travel time, the speed constraint for vehicles of the platoon travelling on a road with varying slopes should be set as
In order to meet passenger comfort requirements, both vehicle acceleration and its change rate should be confined to an allowed range, which can be described as
where a k,min , a k,max and a k,up are the minimum acceleration, the maximum acceleration and the upper bound of the change rate of acceleration, respectively.
In order to reduce kinetic energy loss of vehicle platoon by decreasing as many brakes as possible, instead of using the space gap policy in [35] and [36] or the headway gap policy in [37] and [38] , the control effort will not be activated until the spacing D k (n) jumps out of a permitted range, which can increase fuel efficiency and maintain a certain density of vehicle platoon. Let L k be the length of vehicle k, the spacing
where D k,min and D k,max are the allowed minimum and maximum spacings, respectively. Since the vehicle platoon is assumed to travel on a straight road with varying slopes, the road slope shall be defined clearly. As shown in Fig. 1 , A and B are two points on a road. The dotted line and the straight line with an arrowhead are the horizontal and tangent directions of a certain point on the road, respectively. The angles between the horizontal and tangent directions are θ (A) and θ (B), and θ (A) is positive and θ (B) is negative. The slope range on the road can be given as
where θ min and θ max are the minimum and maximum angles, respectively.
C. IMPROVED ENGINE FUEL CONSUMPTION MODEL
Since this paper aims at maximizing the fuel efficiency of vehicle platoon, an accurate enough fuel consumption model is desired. Saerens et al. proposed a polynomial approximation of engine fuel consumption in [33] , which can be VOLUME 6, 2018 described aṡ
where c 1 , c 2 , c 3 , c 4 , c 5 and c 6 are polynomial coefficients, which can be seen in TABLE 1. Combining Eq. (4) and Eq. (5), the engine fuel consumption rate in Eq. (20) can be reorganized aṡ
The vehicle engine usually operates in three operating modes including driving, braking and idle modes, however, the model in Eq. (21) cannot reflect the fuel consumption rates when engine operates in braking and idle modes, which can be dealt with by proposing the improved engine fuel consumption model aṡ
where Idle k is the idle engine fuel consumption rate and the fuel consumption rate is zero when the engine works in the braking mode. In the above improved engine fuel consumption model, the reversing behaviors of vehicles are not considered because we focus on the cooperative lookahead control of vehicles in this paper. Remark 1: In the paper, the discrete vehicle platoon model considers discrete gear ratios and three operating modes of engines. It should be noted that one operating mode of engine is assumed to be switched to another one instantaneously. The upper limits of engine traction and other integrated braking force are also given to guarantee that the control efforts will not violate the physical limits of vehicles. In addition, the system constraints including speed, acceleration and spacing constraints are set to achieve traffic efficiency, comfortable riding experience and driving safety.
III. COOPERATIVE LOOK-AHEAD CONTROL STRATEGY OF VEHICLE PLATOON FOR MAXIMIZING FUEL EFFICIENCY BASED ON DMPC
There are two driving patterns for vehicles in the platoon, i.e., free-driving and car-following patterns. The leading vehicle usually travels in the free-driving pattern while the followers always drive in the car-following pattern. Note that the platoon leader sometimes also travels in the car-following pattern when there is a vehicle ahead. If the vehicle in front of the leader is intelligent and agrees to join the platoon, the vehicle will become a new leader and the former one will act as a follower; otherwise, the leader will follow the nonintelligent vehicle by predicting its speed trajectory over a predictive control horizon, which has been studied deeply in [39] , [40] , and [41] .
Since the car-following pattern has one more spacing constraint compared with the free-driving one, for simplicity, only the cooperative look-ahead control strategy for the carfollowing pattern will be detailed in this section. Furthermore, the benchmarks are also given for comparison in simulation experiments.
A. COOPERATIVE OPTIMAL FUEL CONSUMPTION PROBLEM OF VEHICLE PLATOON BASED ON DMPC
Before formulating the cooperative optimal fuel consumption problem of vehicle platoon based on DMPC, three types of variables over the predictive control horizon t ∼ t + N p t should be defined as follows: 2) OPTIMAL VARIABLES F * k,e (n|t): the optimal engine traction of vehicle k at time t + n · t; F * k,eb (n|t): the optimal engine braking force of vehicle k at time t + n · t; F * k,b (n|t): the optimal other integrated braking force of vehicle k at time t + n · t; i * k,g (n|t): the optimal gear ratio of vehicle k at time t +n· t;
3) ASSUMED VARIABLES s a k (n + 1|t): the assumed position of vehicle k at time t + (n + 1) · t; v a k (n + 1|t): the assumed velocity of vehicle k at time t + (n + 1) · t; a a k (n|t): the assumed acceleration of vehicle k at time t + n · t.
Over the predictive control horizon [t, t +N p · t], the total fuel consumption J k (t) of vehicle k can be given as
The cooperative optimal fuel consumption problem based on DMPC can be formulated as Problem P k :
For n ∈ {0, 1, 2, · · · , N p − 1}, (25) as shown at the top of the next page with the initial states
] denotes the unknown predictive control variable to be optimized. u * k (: |t) is the optimal control input sequence in Problem P k , which minimizes the fuel consumption J k (t). Due to external disturbances and model uncertainties, the first optimal control input u * k (0|t) in the optimal control sequence will be used as the control effort. D p k (n|t) is the predictive spacing of vehicle k at the nth time interval, which can be calculated through
In order to optimize fuel consumption over the control horizon t ∼ t + N p · t, vehicle k − 1 must communicate its assumed acceleration sequence a a k−1 (: |t) to vehicle k using the vehicle-to-vehicle communication technology, which shows the cooperation between adjacent vehicles of the platoon. Then, according to Eq. (28), vehicle k can obtain the assumed position sequence of vehicle k − 1 based on the received a a k−1 (: |t).
B. THE ASSUMED STATES OF PRECEDING VEHICLE
The assumed acceleration, velocity and position sequences of vehicle k − 1 at time t can be calculated through
where the assumed position sequence of vehicle k − 1 at time t can be achieved through a shifted optimal acceleration sequence of last step Problem P k−1 , synthesized by disposing the first optimal acceleration and adding a last value 0. The last added value aims at enabling vehicle k − 1 to travel at a constant speed at the end of the predictive control horizon. It should be noted that the optimal acceleration sequence a * k−1 (: |t − t) of last-step Problem P k−1 is the result of the optimal control input sequence u * k−1 (: |t − t). A similar technique can be found in [27] and [42] .
Remark 2: Problem P k is a nonlinear optimization problem with discrete control variables and it is very difficult to quickly obtain the optimal solution u * k (: |t). To overcome such a challenge, there are usually two ways: one way is to search for the optimal solution calculated off-line and the other way is to linearize the P k problem. How to quickly solve Problem P k will be detailed in Section IV.
C. BENCHMARKS
To show the fuel-saving performance of the proposed cooperative look-ahead control strategy, standard control methods of vehicle platoon, i.e., cruise control with a space gap policy (CC-SG) and cruise control with a headway gap policy (CC-HG), are given as the benchmarks for comparison. The CC-SG and CC-HG are the combinations of cruise control (CC) strategy and two gap policies (SG and HG).
The second order discrete vehicle platoon model corresponding to the one in Eq. (1) can be given as
where u k (n) is the integrated controller of vehicle k, and the controllers between the leader and the followers are different.
1) CRUISE CONTROL STRATEGY
Let P 0,max (n) = v 0 (n) · F 0,e (v 0 (n)) and P 0,min (n) = −v 0 (n) · B 0,max be the maximum and minimum output power of the leader at the nth time interval, respectively. The CC strategy is properly designed according to [27] 
where F ref 0,r can be obtained as (25) Before presenting the CC controller for the leader, for ease of description, some conditions are first defined as follows:
Then the CC controller can be described as
where P m 0,d (n) is the demanded output power when the leader cruises at v 0,max , which can be calculated through
In the above Eq. (33), F m 0,r (n) can be given as
0,max (n). (34) 2) TWO GAP POLICIES
(1) Space gap: vehicle k keeps a constant distance D k,sg from its preceding one; (2) Headway gap: vehicle k keeps a constant headway time τ k,hg from its preceding one, in other words, it keeps a distance proportional to its speed
In the standard control methods, the followers should use the space or headway gap policy to follow its preceding vehicle. Let u sg k (n) and u hg k (n) be the controller of a follower using the space gap policy and that adopting the headway gap one, respectively, then we have
and
where K 
Furthermore, the engine traction, the engine braking force, other integrated braking force and the gear ratio are also optimized in the low layer for each benchmark to further enhance the fairness of comparison.
IV. NUMERICAL COMPUTATION OF THE OPTIMAL SOLUTION
Since Problem P k is a nonlinear optimization problem with discrete control variables, it is challenging to quickly obtain its global optimal solution. To overcome such a challenge, inspired by [5] , Problem P k is transformed into a 0-1 binary mixed integer linear programming problem after the minimum fuel consumption table and the corresponding optimal control variable tables are constructed and obtained off-line through Algorithm 1, which will be detailed in this section.
A. MINIMUM FUEL CONSUMPTION TABLE AND OPTIMAL CONTROL VARIABLE TABLES CALCULATED OFF-LINE
Considering that the state variables such as speed, acceleration and road slope only need to meet certain accuracies in practice, after the state variables are divided into several levels within their respective defined ranges, the minimum fuel consumption table and the corresponding optimal control variable tables can be calculated off-line to reduce computational burden.
1) DISCRETE STATE VARIABLE
The state variables are discretized at their respective resolutions by balancing data resolution against computational burden. Let δ k,a , δ k,v = δ k,a · t and δ θ be the resolutions of the acceleration, velocity and slope, respectively, combining Eqs. (16) , (17) and (19) , the acceleration, velocity and road slope can be discretized as
In the above Eqs. (37) and (38), a
k and θ [q] are the l − level acceleration, h − level velocity and q − level slope, respectively. M k,a , M k,v and M θ denote the maximum levels of the acceleration, velocity and slope, respectively.
In order to incorporate slope information into the cooperative look-ahead control strategy, just as [39] , the long enough road section in front of a vehicle is divided into G sub-sections according to the predefined slope levels, and the road slope of each sub-section is constant irrespective of its length. The distance between the end point of the g th subsection and the vehicle current point can be denoted as S g while the slope level of the g th sub-section can be represented as Q(g).
2) MINIMUM FUEL CONSUMPTION TABLE AND OPTIMAL CONTROL VARIABLE TABLES
It can be known from Eq. (23) that the fuel consumption rate is in relation to the instantaneous engine traction, engine braking force, velocity and road slope. In addition, according to Eq. (1), the instantaneous engine traction depends on the instantaneous acceleration, velocity, road slope and gear ratio, and the engine braking force is related to the instantaneous velocity and gear ratio, which can be known from Eq. (13) . Therefore, the minimum fuel consumption per time interval when a vehicle travels on the operating point of l − level acceleration, h − level velocity and q − level slope (l − h − q point) can be calculated off-line by optimizing the engine traction, engine braking force, other integrated braking force and gear ratio.
Let F k,v be the resultant of forces including the engine traction F k,e , engine braking force F k,eb and other integrated braking force F k,b , then we have
The resultant F l,h,q k,v on the l − h − q point should be obtained, which can be calculated through
. (40) According to [43] , 
Remark 4: Depending on whether a operating point violates the physical limits of vehicles, all the operating points can be classified into two types, i.e., the reachable and unreachable operating points. For the reachable operating point, the fuel consumption can be minimized by determining the optimal control variables, i.e., the optimal engine traction, engine braking force, other integrated braking force and gear ratio. The fuel consumption on the unreachable operating point is set extremely large so that the control effort will not violate the physical limits of the vehicles. In addition, to reduce mechanical wear of brake components of vehicles, the gear ratio that minimizes the fuel consumption and the redundant braking force will be selected if the set of the available gear ratios has more than one gear ratios which make the engine work in the braking mode. VOLUME 6, 2018 Table and the Corresponding Optimal Control Variable  Tables Step 1:
Algorithm 1 Achieving the Minimum Fuel Consumption
Step 
while
where F l,h,q k,eb (i k,gl ) denoting the engine braking force on l − h − q point corresponding to gear ratio i k,gl can be given as Step 4: The l − h − q point is called a reachable operating point if some gear ratio i k,gl ∈ k,g can satisfy
On the l − h − q point, all the gear ratios that satisfy the constraint of physical limits constitute the set of available gear ratios a k,g . If a gear ratio from a k,g makes the engine work in one of the above mentioned three operating modes, the a k,g is thought to contain the corresponding mode.
Step 5: If the l − h − q point is a reachable operating one, the minimum fuel consumption and the corresponding optimal control variables can be determined based on the modes contained by a k,g . Case 5-1: If a k,g only contains the driving mode, let i k,gl * ∈ a k,g be the optimal gear ratio that minimizes the fuel consumption rate, then we have
Algorithm 1 (Continuous.) Achieving the Minimum Fuel Consumption Table and the Corresponding Optimal Control  Variable Tables  Case 5-2: If a k,g only contains the driving and idle modes, i k,g0 is the optimal gear ratio and we have
Case 5-3: If a k,g contains all the three operating modes, let i k,gl * ∈ a k,g be the optimal gear ratio that makes the engine work in the braking mode and minimizes the redundant braking force, then we have
Step 6: If the l − h − q point is not a reachable operating one, the minimum fuel consumption and the corresponding optimal control variables can be determined as
Step 7: In order to guarantee that vehicle states can be strictly confined to their respective allowable ranges, h, q) of the minimum fuel consumption table on the l − h − q point should be corrected as
Step 8:
B. THE 0-1 BINARY MIXED INTEGER LINEAR PROGRAMMING PROBLEM
Once the minimum fuel consumption table and the corresponding optimal control variable tables are obtained, the 0-1 binary mixed integer linear programming problem shall be formulated. Before the 0-1 binary variable (i.e., decision variable) is defined, the Condition 6 shall be given as Condition 6: vehicle k selects the pair of l − level acceleration and h − level velocity on the gth sub-section at the nth time interval in the predictive control horizon.
The 0-1 binary variable can be defined as
The total fuel consumption J k (t) of vehicle k in Eq. (24) can be transformed into the 0-1 binary variable form as
Then the optimal fuel consumption problem of vehicle platoon based on DMPC can be transformed into a 0-1 binary mixed integer linear programming problem, which can be described as follows:
with the constraints (i)-(v) as follows: (i) Only one l −h−q point is selected at each time interval:
(ii) The change rate of acceleration between adjacent time intervals shall satisfy Eq. (17)
(53) (iii) The change rate of velocity between adjacent time intervals shall satisfy the following equation
(iv) The current road slope level at each time interval shall be consistent with the current position
(55) (v) The spacing should be limited to the specified range at each time interval
(56) d k,n,l,h,g are the optimal binary variables which minimize the objective function J k (t) in the 0-1 binary mixed integer linear programming problem. Assuming the binary variable d k,n,l * ,h * ,g * at the nth time interval of the predicative control horizon is 1, the optimal control variables including engine traction F * k,e (n|t), engine braking force F * k,eb (n|t), other integrated braking force F * k,b (n|t) and gear ratio i * k,g (n|t) at the nth time interval can be obtained through
(57)
Remark 5:
The values of all binary variables at each time interval can be determined by solving the above 0-1 binary mixed integer linear programming problem. Considering that the minimum fuel consumption table is sparse, the 0-1 binary mixed integer linear programming problem can be quickly solved by the mature solvers, e.g., the MIP solver of GUROBI OPTIMIZATION software. After the optimal binary variables d k,n,l,h,g are determined, the optimal control input sequence of vehicle k at time t can be obtained according to Eq. (57), accordingly, the optimal acceleration sequence of vehicle k can also be achieved. Thereafter, the assumed acceleration sequence at time t+ t can be calculated through Eq. (28).
V. PERFORMANCE EVALUATION OF THE PROPOSED CONTROL STRATEGY
In this section, the fuel-saving performance of the proposed cooperative look-ahead control strategy will be investigated comprehensively. A homogeneous car platoon consisting of VOLUME 6, 2018 a leader and a follower is used in the simulation. Although a homogeneous platoon is employed, the resulting conclusions also apply to a heterogeneous one. Just as [27] , the simulation results of the 2-car platoon are believed to sufficiently demonstrate the superiority of the proposed control strategy in terms of fuel saving. The simulation is performed on a artificial road section with varying slopes under different passenger comfort requirements, allowed speed ranges and predictive control horizons.
Since the real road can be regarded as a sequential combination of road sections with different slopes, the artificial road section used in the simulation is given in Fig. 2 , which includes uphill, downhill and flat road sub-sections. Note that, the artificial road section are constructed without violating the design specifications and requirements of road in [44] .
In the simulation, the parameters of vehicles including the vehicle mass m k , the effective rolling radius of the wheels R k,w , the reduction ratio of the differential i k,d , the set of the discrete reduction ratios of gear box k,g , the rotational inertia coefficient δ k , the efficiency of AMT η k,T , the rolling resistance coefficient c k,r , the aerodynamic drag coefficient c k,d , the idle fuel consumption rate B k , the vehicle length L k , the frontal surface of the vehicle S k , the gravitational acceleration g and the air density ρ a are given in TABLE 2; the discrete time interval is set as t = 0. a k,up can be obtained in Fig. 3 . When a k,up is set to 3 m/s 3 , 4 m/s 3 , 5 m/s 3 and 6 m/s 3 , respectively, the corresponding fuel consumption of the proposed control strategy is 277.95 g, 276.13 g, 271.77 g and 269.91 g, respectively. It can be concluded that higher fuel efficiency can be achieved by lowering passenger comfort requirement. Under the same a k,up , the fuel consumption of CC-HG is very slightly different from that of CC-SG, which can be seen in Fig. 3 . Since the headway gap policy is commonly employed in the adaptive cruise control, CC-HG will be used for comparison if the fuel consumption of CC-HG is almost the same as that of CC-SG. When a k,up is set to 3 m/s 3 , 4 m/s 3 , 5 m/s 3 and 6 m/s 3 , respectively, compared with CC-HG, the fuel consumption of the proposed control strategy is correspondingly decreased by 16.49%, 17.24%, 18.60% and 19.21%, respectively.
Let a k,up and the predictive control horizon be set to 5 m/s 3 and 2 s, respectively, and the fuel consumptions of the proposed control strategy and benchmarks under different allowed speed ranges can be acquired in Fig. 4 . When In addition, let a k,up and the allowed speed range be set to 5 m/s 3 and 16-18 m/s, respectively, the fuel consumptions of the proposed control strategy and benchmarks under different predictive control horizons can be seen in Fig. 5 . When the predictive control horizon is set to 2 s, 4 s and 6 s, respectively, the corresponding fuel consumption of the proposed control strategy is 269.91 g, 269.73 g and 269.44 g, respectively. It can be concluded that the higher fuel efficiency can be obtained when the predictive control horizon is set longer. When the predictive control horizon is set to 2 s, 4 s and 6 s, respectively, compared with the CC-HG, the fuel consumption of the proposed control strategy is correspondingly decreased by 19.27%, 19.32% and 19.36%, respectively. Furthermore, the reduction of fuel consumption of the proposed control strategy is slight when the predictive control horizon is set longer, which may be caused by the lack of traffic interference ahead of vehicle platoon. Since the longer predictive control horizon increases computational burden, the predictive control horizon should be determined by weighing energy-saving requirement and available computing power of on-board computer. In order to explore the reason why the proposed control strategy is more energy efficient than CC-SG and CC-HG, the state trajectories and fuel consumptions of the proposed control strategy when the vehicle platoon travels on a flat road are given in Fig. 6 , and the control trajectories are also presented in Fig. 7 . As shown in Fig. 6 , the vehicles in the platoon accelerate and decelerate periodically, which is called the pulse and glide (PnG) operation. The fuel saving performance of the PnG strategy has been deeply researched in [32] , [45] , and [46] , where the varying road slope and aerodynamic drag are not considered. In addition to that, only the sub-optimal rule-based PnG strategies are proposed for free-driving vehicles with discrete gear ratios. In this paper, the proposed control strategy takes the changing road gradients, the aerodynamic drag, the highly nonlinear engine fuel consumption model and system constraints into consideration for maximizing the fuel efficiency of vehicle platoon.
As shown in Fig. 7 , in the pulse stage, the engines of vehicles are regulated to output engine traction at a higher fuel efficiency by setting gear ratio i k,g = 0.82 while they are adjusted to drag vehicles by switching gear ratios to 1.01 in the glide stage. In the glide stage, no fuel is consumed because the engines work in the braking mode, which can be seen in Fig. 6 . As is known to all, the most fuel-efficient way to decelerate a vehicle is to totally depend on the integrated resistance force F k,r , however, the engine braking force F k,eb and other integrated braking force F k,b are also used in the glide stage, which is because the state variables including the acceleration are discretized at a certain resolution by balancing data resolution and computational burden. The fuel efficiency of vehicle platoon may be further increased by decreasing the braking force if the acceleration resolution can be set smaller. The reason why the other braking force of the leader is a bit less than that of the follower can be explained as 1) both the leader and follower should use additional other braking force to glide at a k = −0.4 m/s 2 , 2) the aerodynamic drag of the leader is larger than that of the follower, 3) the follower should use lager other braking force than that of the leader to glide at a k = −0.4 m/s 2 .
VI. CONCLUSION
This paper proposes a cooperative look-ahead control strategy of vehicle platoon travelling on a road with varying slopes. The proposed control strategy aims at maximizing fuel efficiency of vehicle platoon while system constraints are strictly satisfied. To quickly obtain the global optimal solution instead of the sub-optimal one, the nonlinear optimization problem with discrete control variables is further transformed into a 0-1 binary mixed integer linear programming problem after the minimum fuel consumption and the corresponding optimal control variable tables are constructed and calculated off-line.
The simulation results demonstrate that, under different passenger comfort requirements, allowed speed ranges and predictive control horizons, compared with the benchmarks, the proposed control strategy can significantly increase the fuel economy of vehicle platoon. In addition, the fuel efficiency of vehicle platoon can be further increased by lowering passenger comfort requirement, setting proper speed range and enlarging predictive control horizon.
In the proposed control strategy, the gear ratio should be switched instantaneously, which is naturally the result of the assumption that one operating mode of engine can be quickly adjusted to another one. To apply the proposed control strategy to practice, one way is to develop more advanced gearbox drive system, which can change gear ratio in a smooth and instantaneous way; the other way is not to change the gear ratio frequently by sacrificing a little fuel efficiency, which can decrease gear wear and shift impact. Since the engine braking mode is commonly used to save fuel in the heavyduty vehicle driving, it is possible that heavy-duty vehicles might be a better application than light-duty ones. 
